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BACKGROUND  AND  LITERATURE  REVIEW 

The  differential  grasshopper,  Melanoplus  differentialis  (Thomas), 
occurs  most  abundantly  in  the  central  and  southern  Great  Plains  and  can 
cause  considerable  damage  to  crops  (USDA  1954) .  This  univoltine  species 
hatches  in  June  and  occurs  as  an  adult  from  July  until  frost. 

The  application  of  chemical  insecticides  is  the  currently  used  means 
of  controlling  grasshoppers,  acting  quickly  and  resulting  in  rapid 
reductions  in  the  pest  population.  However,  this  approach  has  its  prob- 
lems. The  occurrence  of  resistance  of  the  insect  pest  to  the  insecti- 
cide is  an  ever-present  threat.  Also,  the  non-selective  nature  of  the 
chemicals  results  in  mortality  to  non- target  insects,  including  preda- 
tors and  parasites  of  the  grasshopper.  Chemicals  only  achieve  temporary 
effects  and  must  be  repeatedly  applied  from  season  to  season  and  within 
seasons.  Insect  resistance  and  off- target  effects  are  less  evident  when 
control  is  effected  by  the  use  of  natural  enemies.  Natural  enemies  are 
often  very  selective,  with  the  possibility  of  establishment  as  a  perma- 
nent mortality  factor.  Furthermore,  the  ecosystem  is  less  adversely 
affected.  Natural  enemies,  though,  do  not  provide  the  rapid  reductions 
afforded  by  chemical  insecticides. 

One  natural  enemy  showing  potential  for  biological  control  is  Ento- 
mophaga  grylli  (Fresenius)  Batko  (Zygomycetes :Entomophthorales) ,  an 
obligate  fungal  pathogen.  This  fungus  occurs  worldwide  and  has  been 
cited  for  its  role  in  epizootics  in  Acrididae  (Roffey  1968;  Chapman  & 
Page  1979;  Rockwood  1950;  Smith  1933;  Pickford  &  Riegert  1964;  Skaife 
1925;  Milner  1978;  Dewhurst  1978).  Two  pathotypes  of  E^  grylli  are  rec- 
ognized in  North  America  (Soper  et  al .  1983).  Pathotype  2  differs  from 
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pathotype  1  in  the  absence  of  conidiophores  which  penetrate  the  integu- 
ment to  produce  external  conidia  and  its  ability  to  produce  epizootics 
under  generally  drier  conditions.  Suppression  of  conidia  formation  can 
occur  in  pathotype  2  if  the  integument  of  the  host  remains  intact  for 
some  time  after  host  death  (Humber  &  Ramoska  1986).  Under  these  condi- 
tions (i.e.  low  oxygen),  thick-walled  mature  resting  spores  form  that 
effectively  withstand  desiccation. 

With  proper  moisture  and  relative  humidity,  mature  resting  spores 
can  produce  a  germ  conidiophores  and  germ  conidia.  Germ  conidia  have 
been  determined  to  be  an  infective  stage  of  E^.  grylli  and  invade  the 
host  through  the  integument  when  the  relative  humidity  of  the  microen- 
vironment  is  95-100%  (Krueger  &  Ramoska  1985).  Once  penetration  has 
occurred,  the  conidia  release  protoplasts  which  proliferate  in  the 
host's  hemocoel.  Exact  progress  of  pathogenesis  is  somewhat  uncertain, 
but  preliminary  observations  suggested  that  fat  body  attrition  and 
nutrient  depletion  cause  host  death  (Funk  1987).  In  a  field  study, 
Pickford  and  Riegert  (1964)  found  death  to  occur  about  13  days  after 
infection  at  a  mean  temperature  of  20°C.  In  a  laboratory  study  con- 
ducted at  25°C:18°C  (day:night)  and  L:D  16:8,  mortality  occurred  at  a 
mean  time  of  14  days  for  field  collected  grasshoppers  and  25  days  for 
laboratory  reared  grasshoppers  (Kish  1984).  In  field  observations, 
researchers  have  reported  a  preponderance  of  E^.  grylli  induced  mortality 
in  late  afternoon  (Pickford  &  Riegert  1964;  Skaife  1925).  Laboratory 
studies  have  shown  that  all  mortality  due  to  E^  grylli  occurred  betweem 
5  pm  and  11  pm  (Ramoska,  personal  communication) .  In  the  later  stages  of 


the  disease,  the  infected  grasshoppers  climb  plant  stems  and  die  with 
the  heads  pointing  up  and  legs  clasping  the  stems. 

As  the  host  nears  death,  the  fungal  parasitic  protoplasts  form  cell 
walls  to  become  hyphal  bodies.  These  pleiomorphic  hyphal  bodies  bud  to 
form  round  immature  resting  spores.  Unless  the  integument  of  the  grass- 
hopper is  ruptured,  the  cell  walls  of  the  immature  resting  spores 
thicken  to  form  mature  resting  spores  (Funk  1987).  However,  the  abdomens 
of  many  infected  grasshoppers  soften  dramatically  1-4  h  after  death  and 
the  intersegmental  membranes  easily  rupture.  If  this  occurs,  hyphal 
bodies  and  immature  resting  spores  are  released  (Humber  et  al.  unpub- 
lished). With  95-100%  relative  humidity,  these  two  fungus  stages  may 
form  conidiophores  and  conidia  that  differ  from  germ  conidia.  These 
conidia,  called  the  cryptoconidia  (Humber  &  Ramoska  1986),  differ  from 
germ  conidia  in  four  ways.  First,  they  are  pyriform  instead  of  globose 
(personal  observation).  Second,  they  occur  at  a  different  point  in  the 
life  cycle  (Humber  &  Ramoska  1986).  Third,  preliminary  evidence  sug- 
gests that  germ  conidia  initiate  an  epizootic  and  cryptoconidia  sustain 
it  (Humber  &  Ramoska  1986).  Finally,  cryptoconidia  form  and  begin  to 
discharge  within  a  few  hours  following  cadaver  disruption  (Humber  et  al. 
unpublished).  In  laboratory  studies,  mature  resting  spores  have 
required  at  least  3  days  in  distilled  water  followed  by  incubation  at 
95-100%  relative  humidity  to  produce  germ  conidia  (Krueger  &  Ramoska 
1985;  Krueger  personal  communication). 

If  the  integument  remains  intact  after  host  death,  hyphal  bodies  and 
immature  resting  spores  develop  into  mature  resting  spores.  In  this 
stage,  the  fungus  can  overwinter  and  survive  hot,  dry  periods.  When  ade- 


quate  moisture  and  temperature  conditions  once  again  occur,  the  mature 
resting  spore  can  germinate  to  produce  a  second  type  of  conidia,  infec- 
tive germ  conidia.  It  is  in  this  manner  that  the  disease  is  spread  from 
generation  to  generation  of  the  host. 


Part  I 

Effects  of  temperature  and  photoperiod  on 
percent  mortality,  time  to  mortality, 
and  mature  resting  spore  production  In 
Melanoplus  dlfferentlalls  Infected  by 
Entomophaga  grylll  pathotype  2 


INTRODUCTION 

The  differential  grasshopper,  Melanoplus  differentialis  (Thomas), 
can  cause  considerable  damage  to  crops  in  the  Great  Plains  (USDA  1954) . 
Among  its  natural  enemies  in  this  region  is  the  fungal  pathogen,  Ento- 
mophaga  grylli  (Fresenius)  Batko  (Zygomycetes :Entomophthorales)  which 
has  been  known  to  cause  epizootics  in  species  of  Acrididae  in  North 
America  (Rockwood  1950;  Pickford  &  Riegert  1964;  Smith  1933;  Walton  & 
Fenton  1939)  and  throughout  the  world  (Roffey  1968;  Chapman  &  Page  1979; 
Skaife  1925;  Milner  1978;  Dewhurst  1978).  Two  pathotypes  of  E^  grylli 
have  been  identified  using  isozyme  analysis  (Soper  et  al.  1983).  Fungal 
stages  of  pathotype  1  cadaver  produce  conidiophores  within  the  grass- 
hopper that  penetrate  the  integiament  to  form  the  infective  stage,  the 
conidium,  on  the  surface.  In  grasshoppers  killed  by  pathotype  2,  the 
host  integument  must  be  torn  open  for  conidiophores  and  conidia  to  form 
(Humber  &  Ramoska  1986). 

Fungal  epizootics  can  cause  significant  reductions  in  grasshopper 
populations  and  warrant  further  study  regarding  the  control  of  pest 
species.  A  fungal  epizootic  involves  the  interaction  of  the  host,  the 
pathogen,  and  the  abiotic  environment.  The  influence  of  the  abiotic 
environment  can  be  subdivided  into  the  effects  of  moisture,  temperature, 
and  light  on  both  the  host  and  the  pathogenic  fungus. 

Moisture  may  be  the  most  important  factor  for  the  fungus  in  the  gen- 
eration of  epizootics,  especially  for  the  infection  process  (Wilding 
1981).  Once  infection  has  occurred,  however,  the  importance  of  environ- 
mental moisture  may  lessen  because  pathogenesis  proceeds  within  the 
host.  Any  temperature  and  photoperiod  effects  on  the  temperature  process 
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might  be  obscured  by  the  dominant  effect  of  environmental  moisture 
(Wilding  1981).  When  moisture  becomes  less  important,  e.g.  pathogene- 
sis, the  effects  of  temperature  and  photoperiod  may  become  more  evident. 

Many  authors  have  studied  the  effects  of  temperature  on  stages  in 
the  life  cycles  of  Entomophthorales  species.  Of  great  importance  to 
epizootics,  though,  are  temperatures  favorable  to  development,  or  sporu- 
lation,  of  the  infective  stage.  Favorable  sporulation  temperatures  for 
most  species  of  Entomophthorales  range  from  16°  to  30°C  (Yendol  1968; 
Pady  et  al.  1971;  Wilding  1981;  Kenneth  et  al.  1972;  Newman  &  Garner 
1975;  Shimazu  1977;  Milner  &  Lutton  1983).  Some  entomophthoralean  spe- 
cies, however,  have  caused  epizootics  when  temperatures  ranged  from  5 
to  25°C  (Wilding  1970)  and  5°  to  12°  C  (Teernstra-Eeken  &  Engel  1967). 

Temperature  influences  grasshopper  activity,  with  feeding  and  move- 
ment generally  occurring  above  20°C  (USDA  1954) .  The  lethal  limits  for 
grasshopper  hosts  are  broad.  For  three  Melanoplus  species  these  limits 
occur  from  -15°  (Knipling  &  Sullivan  1957)  to  55°C  (Knipling  &  Sullivan 
1958).  The  upper  ambient  limit,  though,  will  not  commonly  exceed  40°- 
44°C  in  the  central  and  southern  Great  Plains.  The  metabolic  rate 
increases  with  temperature  up  to  an  optimum,  which  in  turn  leads  to  an 
increased  rate  of  development  (Chapman  1982)  . 

Light  may  affect  organisms  by  its  frequency,  its  energy,  and  its 
daily  rhythm,  with  separate  effects  on  E^  prvlli.M.  differentialis .  and 
a  host-pathogen  interaction.  Any  attempt  to  understand  the  ecology  of 
E.  grylli  and  M^  differentialis.  however,  should  include  at  least  the 
consideration  of  the  daily  rhythm,  or  photoperiod.  Wallace  et  al.  (1976) 
suggested  that  photoperiod  may  act  as  an  environmental  signal  to  sjm- 


chronize  the  development  of  the  fungus  with  the  season.  In  three  studies 
involving  Entomophthorales  species,  photoperiod  has  been  shown  to  sig- 
nificantly affect  resting  spore  germination.  Wallace  et  al.  (1976) 
found  that  photophases  of  14  h  or  more  greatly  enhanced  resting  spore 
germination  in  Entomophthora  aphidis.  In  another  study  (Stoy  et  al. 
1988)  the  percentage  of  germinated  spores  of  E^  grylli  pathotype  2 
increased  with  increased  photophase.  Kish  (1984)  also  used  Ej.  grylli 
pathotype  2  and  found  resting  spore  germination  to  be  significantly 
higher  at  L:D  24:0  than  L:D  0:24. 

An  increasing  number  of  insect  species  have  been  found  to  be  influ- 
enced by  photoperiodism  with  a  varied  range  of  effects  (Beck  1980; 
Saunders  1982) .  It  has  been  demonstrated  or  reasonably  inferred  to  con- 
trol diapause  in  egg  (Wardhaugh  1980;  Dean  1982)  and  adult  (Norris  1959; 
Norris  1965;  Geldiay  1971)  stages  of  some  Acrididae.  Other  photoperiodic 
phenomena  observed  in  Acrididae  include  male  sexual  behavior  (Perez  et 
al.  1971),  egg  pod  shape  (Wardhaugh  1977),  developmental  time  (Dean 
1982)  ,  body  size  (Dean  1982)  ,  and  daily  growth  layers  in  the  endocuticle 
(Neville  1967). 

The  neuroendocrine  system  regulates  growth,  development,  reproduc- 
tion, and  behavior  and  is  in  turn  influenced  by  such  environmental  fac- 
tors as  photoperiod  (Tauber  et  al.  1986).  This  raises  possibilities 
regarding  host-pathogen  interactions,  since  E^  grylli  protoplasts  have 
been  found  in  the  fat  body,  central  nervous  system,  muscle,  and  hemo- 
lymph  in  infected  M^  differentialis  (Funk  1987).  The  presence  of  E. 
grylli  protoplasts  in  both  the  central  nervous  system  and  hemolymph 


could  result  in  interaction  with  grasshopper  hormones  whose  production 
may  have  been  influenced  by  photoperiod. 

Temperature  and  photoperiod  can  affect  both  the  host  and  pathogen. 
As  seasonally  varying  factors,  they  could  influence  the  pathogenesis  of 
E^  grylli  in  K^  differentialis .  The  aim  of  the  study  was  to  examine  the 
effects  of  the  seasonally  varying  abiotic  factors,  temperature  and 
photoperiod,  on  host  and  fungus.  Temperature  and  photoperiod  were 
selected  because  both  fluctuate  in  a  more  or  less  predictable  way 
throughout  the  grasshopper's  growing  season.  Therefore,  it  was  possible 
to  test  whether  these  factors  have  a  seasonal  effect  on  pathogenesis  of 
E.  grylli  in  M^  differentialis.  This  was  determined  by  examining  per- 
cent mortality,   time  to  mortality,  and  mature  resting  spore  production. 


MATERIALS  AND  METHODS 

Adults  of  IL.  differentlalis  were  obtained  from  wild  populations  in 
the  Manhattan,  Kans .  area.  The  fungus,  E^  grylli  pathotype  2,  was 
obtained  from  diseased  grasshoppers,  M^  differentlalis  and  IL.  bivlt- 
tatus .  in  the  Tuttle  Creek  Reseirvoir  area  near  Manhattan,  Kans.  in 
August- September,  1985.  Cadavers  showing  the  symptoms  of  legs  wrapped 
around  plant  stem  and  heads  pointed  up  were  collected.  The  fungus  was 
extracted  from  the  grasshoppers  by  chopping  the  cadavers  into  beakers  of 
distilled  water.  Grasshopper  tissue  was  removed  by  pouring  the  beaker 
contents  through  cheesecloth.  The  filtrate  was  poured  into  a  separatory 
funnel  to  allow  the  fungus  to  precipitate.  The  precipitate  was  col- 
lected and  the  procedure  repeated  with  fresh  distilled  water  until  the 
supernatant  was  clear.  To  demonstrate  that  the  precipitate  contained 
viable  E^  grylli.  M.  differentlalis  were  injected  with  it.  Field  col- 
lected fungi  thus  cleaned  and  injected  produced  the  other  stages  in  the 
fungus  life  cycle  as  well  as  the  characteristic  climbing  and  clasping 
behavior  on  the  sides  of  the  cages. 

Once  cleaned,  the  fungus  was  placed  in  15%  dimethyl  sulfoxide,  then 
transferred  to  1  ml  glass  ampules.  The  ampules  were  heat  sealed,  then 
placed  in  a  freezer  for  at  least  4  h,  after  which  the  ampules  were 
transferred  to  liquid  nitrogen  for  permanent  storage.  When  needed,  the 
ampules  were  immersed  in  water  at  40°C,  then  opened.  Next,  the  fungi 
were  rinsed  three  times  in  distilled  water  and  transferred  to  tissue 
culture  flasks  (0.1  ml  fungi  in  5  ml  sterile  distilled  water)  for  3  days 
at  20°C  to  induce  germ  tube  formation.  Sixteen  microliters  of 
gentamiacin  were  added  to  each  tissue  culture  flask  to  inhibit  bacterial 
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growth.  The  fungi  were  removed  from  the  tissue  culture  flasks  after  3-4 
days  and  pelleted  by  low  speed  centrifugation(3200  rpm) .  They  were 
suspended  in  0.8  ml  sterile  distilled  water  and  spread  evenly  on  1%  agar 
plates.  Streptomycin  (0.1%)  and  penicillin  (0.02%)  were  added  to  the 
agar  to  inhibit  bacterial  growth.  The  plates  were  left  uncovered  in  a 
laminar  flow  hood  (model  VBM  400, Baker  Co.,Sanford,  Maine)  until  the 
water  had  nearly  evaporated. 

At  that  point  agar  plates  were  inverted  over  petri  dishes  of  equal 
diameter  (90  mm)  filled  with  sterile  distilled  water,  which  were  in  turn 
placed  in  covered  210  mm  diameter  clear  glass  casserole  dishes  lined 
with  water-soaked  paper  towels.  The  casserole  dishes  were  placed  at 
20°C  for  6  h  in  order  to  obtain  adequate  production  of  the  germ  conid- 
ium,  the  invasive  stage  of  the  fungus. 

Fungi  comprised  of  germinated  and  ungerminated  mature  resting  spores 
were  rinsed  from  the  agar  plates  after  6  h  and  suspended  in 
saline/glycerol  (30v/70v).  Fungal  concentration  was  determined  with  an 
improved  Neubauer  hemacytometer.  Adult  grasshoppers  were  anesthetized 
with  carbon  dioxide  and  each  was  injected  with  a  mixture  of  approxi- 
mately 1400  mature  resting  spores,  germinated  and  ungerminated,  using  a 
syringe  with  a  27.5  ga.  needle  mounted  in  a  microapplicator  (ISCO  model 
M,  Instrumentation  Specialties  Co.,  Inc. .Lincoln,  Nebr.).  The  grasshop- 
pers were  injected  in  the  second  or  third  intersegmental  membrane  in  the 
ventral  region  of  the  abdomen. 

Throughout  the  treatment,  all  grasshoppers  were  fed  a  quantity  of 
washed   leaf  lettuce  that  could  be  consumed  in  approximately  one  day. 
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Excess  lettuce  was  removed  the  following  day.  Wheat  bran  was  served  in 
a  5  cm  diameter  plastic  petri  dish  and  replenished  as  needed. 

The  grasshoppers  were  treated  under  four  environmental  conditions 
that  varied  in  temperature  and  photoperiod.  Two  temperatures  were  used: 
26. 5 (+0.5)  and  14.0(+0.5)C.  These  temperatures  represented  average  daily 
temperatures  for  mid- July  and  mid-October.  These  temperature  means 
represented  a  1951-1980  average  for  Manhattan,  Kans .  Mid- July  to  mid- 
October  represented  the  approximate  lifespan  of  adults  of  Mj^  differen- 
tialis.  Two  photoperiods  were  used:  L:D  16:8  and  12:12,  approximating 
naturally  occurring  daylengths  for  Manhattan,  Kans.  in  mid- July  and  mid- 
October  respectively;  photophases  included  civil  twilight. 

The  temperatures  and  photophases  were  combined  to  yield  four 
different  treatment  combinations:  26.5°-16  h  (H16) ,  26.5°-12  h  (H12) , 
14°-16  h  (L16),  and  14°-12  h  (H12) .  Relative  humidity  was  subject  to 
ambient  conditions  .  The  mean  relative  humidities  for  H16 ,  H12 ,  L16 ,  and 
L12  were  47  (SD=7.05),  67  (SD=7.4),  75  (SD=9.9),  and  78  (SD=11.0), 
respectively. 

Experimental  treatments  H12  and  L12  were  maintained  in  two  Sherer 
model  CEL-25-7  environmental  chambers,  L16  in  a  Sherer  model  4005 -OB 
environmental  chamber  (Sherer-Gillett  Co.,  Marshall,  Mich.),  and  H16  in 
a  room  measuring  2.6  m  x  3.1  m  x  4.1  m.  Fluorescent  lights  were  used 
for  illumination  and  had  the  following  intensities  in  foot-candles  for 
H16,  H12,  L16,  L12  respectively:  195  (SD=6) ,  246  (SD=79) ,  200  (SD=115) , 
515  (SD=77)  .  Grasshoppers  were  kept  in  wire  mesh  cages  measuring  45 
cm  X  31  cm  X  31  cm  during  experimental  trials.  Each  environmental 
chamber/treatment  room  represented  an  experimental  unit . 
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Each  of  the  four  treatments  contained  200  adult  grasshoppers. 
After  an  entrainment  period  of  21  days  in  the  adult  stage,  all  800 
grasshoppers  were  injected  with  the  fungus.  Dead  grasshoppers  were 
removed  daily.  Date  and  cause  of  death  were  recorded.  Even  though  a 
control  group  was  not  included  in  the  experimental  design,  prior  experi- 
ments had  been  carried  out  in  which  50  grasshoppers  were  injected  with  2 
microliters  of  E^  grylli  suspended  in  saline/glycerol  (30v/70v)  while 
150  were  injected  with  2  microliters  of  the  solution  only.  By  the  time 
all  50  of  the  treated  grasshoppers  had  died  from  E^.  grylli  infection  (18 
d  post-injection),  only  2  (1.3%)  of  the  150  control  grasshoppers  had 
died,  suggesting  that  an  injection  effect  would  not  significantly  affect 
the  results . 

To  detect  the  presence  of  E^  grylli.  a  wire  loop  was  inserted 
through  an  incision  in  the  first  or  second  ventral  abdominal  segment  and 
forward  into  the  thorax  to  obtain  a  tissue  sample.  A  wet  mount  of  the 
tissue  sample  was  examined  at  lOOX  on  a  phase  contrast  microscope.  The 
presence  of  parasitic  microorganisms  was  recorded.  Whenever  detected. E. 
grylli.  regardless  of  life  stage,  was  assumed  to  be  the  only  cause  of 
death  if  other  parasites  were  absent.  Grasshoppers  dying  from  E^.  grylli 
were  collected  from  each  treatment  daily  and  The  fungi  were  extracted  as 
described  for  field  samples.  The  proportion  of  mature  resting  spores  was 
determined  if  a  minimum  of  20  fungi  appeared  on  the  hemacytometer.  A 
2%   aceto-orcein  stain  was  applied  to  identify  the  mature  resting  spores. 

A  two  sample  t-test  was  applied  separately  for  photoperiod  and  tem- 
perature for  each  of  the  three  effects:  percent  mortality,  time  to  mor- 
tality, mature  resting  spore  production.  Mature  resting  spore  production 
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was  expressed  as  a  proportion  for  analysis  and  reporting  of  results. 
Temperature  and  photoperiod  data  points  were  plotted  on  separate  charts 
for  each  of  the  three  effects  prior  to  t- tests  to  examine  possibilities 
for  interaction  between  the  two  factors.  An  arc  sine  square-root  trans- 
formation was  carried  out  on  percentages  and  proportions  prior  to  sta- 
tistical analysis  (Zar  1984) . 
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RESULTS 

Mortality  was  considerably  greater  at  high  temperature  under  both 
photoperiods  than  at  low  temperature.  Percent  mortality  in  treatments 
H16,  H12,  L16,  and  L12  was  67,  61.5,  16,  and  9.5%  respectively.  The  two- 
sample  t-test  between  the  two  temperatures  (14.0  and  26.5)  ignoring  pho- 
toperiod  showed  differences  in  mortality  to  be  significant  (P=0.01, 
t=9.98,  df=2).  A  plot  of  the  data  (Fig.  1)  indicated  that  percent  mor- 
tality was  slightly  and  uniformly  higher  at  each  temperature  under  long 
daylength  (L:D  16:8)  than  under  short  daylength  (L:D  12:12).  However, 
the  t-test  of  mortality  between  photoperiods  ignoring  temperature  showed 
no  significant  differences  (P=0.88 , t=0. 17 ,  df=2) .  A  plot  of  the  data 
(Fig.  2)  indicated  that  percent  mortality  was  considerably  and  uniformly 
higher  at  each  photoperiod  under  high  temperature  than  at  low  tempera- 
ture. In  both  Figs.  1  and  2  the  parallel  lines  suggested  the  absence  of 
temperature-photoperiod  interaction,  although  it  could  not  be  test  sta- 
tistically. 

Time  to  mortality  in  days  post- injection  was  13.6,  14.6,  26.0,  and 
34.2  for  treatments  H16,  H12,  L16,  and  L12  respectively.  The  possibil- 
ity of  temperature-photoperiod  interaction  existed  because  lines  were 
non-parallel  (Figs.  3  &  4) ,  lending  uncertainty  to  the  results  of  an 
analysis  of  differences.  Differences  in  time  to  mortality  between  tem- 
perature conditions  were  non- significant  (P=0.06 , t=3. 87 ,df=2 ;  two-sample 
t-test).  Time  to  mortality  was  not  significantly  related  to  photoperiod 
(P=0.73,  t=0.40,  df=2;  two-sample  t-test). 

Mean  mature  resting  spore  production  was  considerably  greater  at 
high  temperature  under  both  photoperiods  than  under  low  temperatures. 
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For  treatments  H16,  H12,  L16,  and  L12  mature  resting  production  was 
0.50,  0.49,  0.11,  and  0.04  respectively.  The  t-test  for  differences 
between  the  two  temperatures  (14.0  and  26.5)  was  significant  (P=0.02, 
t=7.45,  df=2)  .  A  plot  of  the  data  (Fig.  5)  showed  that  mature  resting 
spore  production  production  was  higher  at  each  temperature  under  L:D 
16:8  than  under  L:D  12:12,  but  the  differences  were  not  uniform.  The  t- 
test  for  photoperiod  differences  indicated  that  mature  resting  spore 
production  at  L:D  16:8  did  not  differ  significantly  from  L:D  12:12 
(P=0.86,t=0.20,df=2)  .  A  plot  of  the  data  (Fig.  6)  showed  that  mature 
resting  spore  production  was  higher  for  both  photoperiods  at  high  tem- 
perature than  low  temperature,  but  the  differences  were  not  uniform.  In 
both  cases  the  occurrence  of  non-parallel  lines  suggested  the  possible 
absence  of  temperature -photoperiod  interaction,  although  it  could  not  be 
statistically  analyzed. 


16 


DISCUSSION 

The  significant  positive  relationship  between  temperature  and  mor- 
tality was  consistent  with  the  general  trend  of  fungal  pathogenesis  in 
arthropods,  including  species  of  Entomophthorales  (Brandenberg  &  Kennedy 
1981;  Milner  &  Bourne  1983;  Smitley  et  al.  1986;  Wilding  1970;  Stimman 
1968). 

The  effects  of  temperature  on  mean  disease  length,  although  statis- 
tically insignificant  at  P=0.06,  may  still  have  had  biological  signifi- 
cance .  For  example ,  temperature  had  been  found  to  be  inversely  related 
to  the  infection  period  for  other  species  of  Entomophthorales  (Branden- 
berg &  Kennedy  1981;  Garner  1976;  Milner  &  Bourne  1983;  Milner  &  Lutton 
1983;  Smitley  et  al.  1986;  Wilding  1970;  Stimman  1968;  Eilenberg  1987). 
The  infection  period  decreased  with  increasing  temperature  until  a 
lethal  or  inhibiting  limit  to  the  fungus  was  reached. 

There  was  a  significant  positive  relationship  between  temperature 
and  mature  resting  spore  production.  Despite  the  statistically  signifi- 
cant results,  effects  of  temperature  must  be  regarded  with  caution  due 
to  the  possibility  of  a  temperature -photoperiod  interaction.  However, 
increasing  temperature  appeared  to  accelerate  the  rate  of  development  of 
E^  grylli.  and  thus  production  of  mature  resting  spores.  The  very  low 
proportions  of  mature  resting  spores  in  the  low  temperature  treatments 
(L16  &  L12)  tentatively  suggests  that  grasshoppers  infected  in  the  field 
under  cool  conditions  prevalent  in  mid-autiomn  would  be  less  likely  to 
produce  enough  resting  spores  to  initiate  infections  the  following 
spring.  Reservoirs  of  overwintering  mature  resting  spores  would  more 
likely  come  from  grasshoppers  infected  earlier  in  the  growing  season 
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when  more  favorable  temperatures  would  occur.  In  order  to  test  whether 
the  lab  results  apply  to  a  field  situation,  the  ability  of  an  infected 
grasshopper  to  thermoregulate  in  the  field  would  need  to  be  assessed. 

Of  the  two  temperatures  I  tested,  26.5°C  appeared  to  be  more  favora- 
ble for  pathogenesis  than  14°C  because  host  mortality  was  higher.  Al- 
though preliminary,  these  results  suggest  that  additional  trials  should 
be  run  over  a  wider  range  of  temperatures  to  determine  optimal  tempera- 
tures for  host  mortality  and  time  to  mortality.  An  optimal  temperature 
would  provide  the  basis  for  further  laboratory  tests  on  epizootics  of  E. 
grylli.  which  would  lead  to  field  studies.  Because  optimal  temperature 
for  the  development  of  the  fungus  within  the  host  may  not  be  the  same 
for  infection  of  the  host,  both  of  these  two  aspects  need  to  be  tested. 
Furthermore,  field  infections  by  E^  grylli  may  not  correlate  well  with 
temperatures  established  in  laboratory  studies  because  more  important 
factors,  such  as  moisture,  may  obscure  the  effect  of  temperature. 
Roberts  and  Campbell  (1977)  cited  a  trend  matching  temperatures  of  field 
epizootics  with  those  found  in  the  laboratory,  but  evidence  also  exists 
to  the  contrary  (Berisford  &  Tsao  1974;  Wilding  1975).  Each  study  needs 
to  be  regarded  with  caution  regarding  field- laboratory  correlations. 

Photoperiod  did  not  appear  to  significantly  affect  mortality,  time 
to  mortality, and  production  of  mature  resting  spores.  Direct  exposure 
of  E^  grylli  pathotype  2  to  light  resulted  in  significant  effects  on 
fungal  growth  (Kish  1984) .  The  effects  of  photoperiod  on  the  fungus 
after  mediation  through  the  host,  though,  have  been  little  studied  in 
entomogenous  fungi.  Research  on  Entomophthora  gammae  in  its  host  Pseu- 
doplusia  includens,  the  soybean  looper,  showed  that  photoperiod  had  no 
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effect  on  the  spore  in  infected  larvae  (Newman  &  Garner  1975).  In  their 
discussion,  the  authors  proposed  the  possibility  that  temperature  and 
photoperiod  could  alter  spore  form  ratios  in  the  field,  where  changes 
"occur  subtly  as  the  season  progresses  and  are  paralleled  by  changes  in 
plants  and  in  host  insect  physiology."  They  added  that  temperature  and 
photoperiod  effects  could  act,  not  only  during  the  time  of  infection, 
but  also  over  more  than  one  generation  of  the  fungus. 

Photoperiod  has  been  only  one  of  several  possible  factors  affecting 
pathogenesis  and  the  life  cycle  of  the  fungus.  Its  effect,  if  present, 
would  require  further  research.  The  next  step,  then,  would  be  the 
replication  of  the  procedure  in  this  project.  The  design  then  could  be 
treated  as  a  2  x  2  factorial  design.  The  data  could  be  analyzed  with  an 
analysis  of  variance  and  thus  provide  a  better  indication  of  signifi- 
cant effects  as  well  as  test  for  interaction  between  temperature  and 
photoperiod. 
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Part  II 

Effect  of  cadaver  age  on  cryptoconidia  production  in 
Melanoplus  differentialis  infected  by 
Entomophaga  grylli  pathotype  2 
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INTRODUCTION 

Two  pathotypes  of  Entomophaga  grylll  (Fresenius)  Batko  are  recog- 
nized from  North  America  (Soper  et  al.  1983).  Pathotype  2  attacks  grass- 
hoppers of  genus  Melanoplus .  but,  unlike  pathotype  1,  does  not  form  the 
masses  of  conidiophores  that  penetrate  the  integument  to  form  conidia. 
Pathotype  2  forms  resting  spores  shortly  after  the  death  of  the  host  if 
the  cadaver  integument  is  not  ruptured  (Humber  et  al.  unpublished; 
Ramoska  personal  communication) . In  this  stage  the  fungus  can  overwinter 
or  withstand  hot  dry  conditions,  even  after  the  integument  has  disinte- 
grated. 

When  favorable  temperature  (20°-30°C)  and  humidity  conditions  (90- 
100%  rh)  occur,  resting  spores  can  then  form  germ  conidia  that  will  dis- 
charge and  infect  a  new  host  (Roberts  &  Campbell  1977 ;  Pickford  Sc 
Riegert  1964).  If,  however,  the  cadaver  integument  is  disrupted  soon 
after  host  death,  and  temperature  and  humidity  conditions  are  appropri- 
ate, hyphal  bodies  and  immature  resting  spores  will  produce  conidia  that 
will  be  discharged  immediately  instead  of  developing  into  mature  resting 
spores.  The  exposure  to  atmospheric  levels  of  oxygen  has  been  found  to 
stimulate  this  process  (Humber  &  Ramoska  1986) .  The  term  "cryptoconidia" 
is  used  for  these  conidia  because  they  form  at  sites  temporally  and  spa- 
tially removed  from  those  where  conidiogenesis  would  typically  occur 
(Humber  &  Ramoska  1986). 

The  identification  of  the  cryptoconidium  is  potentially  significant, 
since  it  may  account  for  much  or  most  of  the  horizontal  transmission  of 
E.  grylli  pathotype  2  during  outbreaks  (Humber  et  al .  unpublished). 
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Aspects  of  this  infective  stage  need  to  be  studied  regarding  its  ability 
to  initiate  and  sustain  epizootics. 

This  study  seeks  to  focus  on  aspects  relating  to  the  dose  of  crypto - 
conidia  required  to  kill  a  host,  looking  to  the  source  of  the  inoculum- - 
the  cadaver.  The  dose  produced  by  the  cadaver  depends  on:  (1)  the 
quantity  of  fungi  capable  of  producing  cryptoconidia;  that  is,  hyphal 
bodies  and  immature  resting  spores,  (2)  the  proportion  of  hjrphal  bodies 
and  immature  resting  spores  that  will  produce  cryptoconidia  (active 
stages) . 

A  third  possible  factor  which  could  be  related  to  these  two  factors 
is  cadaver  age.  Cryptoconidia  production  occurs  when,  given  adequate 
relative  humidity,  the  cadaver  integument  is  torn  open  (Ramoska  personal 
communication) .  The  integument  splits  open  due  to  the  following  factors 
acting  alone  or  in  combination:  fungal  enzymatic  activity,  physical 
motion  of  the  vegetation,  grasshoppers  landing  on  the  cadaver,  cannibal- 
ism (Humber  et  al.  unpublished). 

The  timing  of  cadaver  integument  disruption  could  be  significant  in 
its  effect  on  cryptoconidia  production  by  affecting  the  number  of  hyphal 
bodies  and  immature  resting  spores  produced  in  the  cadaver.  As  long  as 
the  cadaver  integument  remained  intact,  hyphal  bodies  and  immature  rest- 
ing spores  would  turn  into  mature  resting  spores,  which  could  not  pro- 
duce cryptoconidia  (Humber  &  Ramoska  1986).  The  older  the  cadaver, 
then,  the  greater  likelihood  of  a  decreasing  proportion  of  hyphal  bodies 
and  immature  resting  spores  and  an  increasing  proportion  of  mature  rest- 
ing spores.  In  that  event,  increasing  cadaver  age  could  result  in 
decreasing  cryptoconidia  production. 
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This  study  investigated  the  possible  effects  of  cadaver  age  on  the 
production  of  cryptoconidia  by  ML.  differentialis  infected  with  E^.  grvlli 
pathotype  2.  This  was  achieved  through  the  measurement  of: 

1.  number  of  mature  resting  spores  per  cadaver 

2.  number  of  hyphal  bodies  and  immature  resting  spores  per  cadaver 

3.  number  of  cryptoconidia  produced  per  sample 

4.  number   of  cryptoconidia  produced  per  sample  as  a  proportion  of  the 

number  of  hyphal  bodies  and  immature  resting  spores  per  cadaver. 


23 


MATERIALS  AND  METHODS 

To  obtain  fungi  for  cryptoconidia  production,  adult  differential 
grasshoppers,  M. dif ferentialis .  were  infected  with  injected  doses  of  E. 
grylli  pathotype  2.  The  fungi  were  first  concentrated  by  centrifugation, 
then  suspended  in  2  microliters  of  saline/glycerol  (30v/70v)  and 
injected  into  the  grasshoppers  using  a  23  ga.  needle  mounted  in  a  micro- 
applicator  (model  M,  Instrumentation  Specialties  Co.,  Inc.,  Lincoln, 
Nebr.).  Each  individual  was  injected  with  approximately  2940  fungi 
consisting  of  mature  resting  spores  (germinated  and  ungerminated)  and 
germ  conidia  of  E^  grylli .  The  dose  per  grasshopper  was  determined  with 
an  improved  Neubauer  hemacytometer. 

Infected  grasshoppers  were  kept  in  wire  mesh  cages  measuring  45  x  31 
X  31  cm  at  24°C  and  L:D  16:8.  They  were  maintained  until  death  (13-16  d 
post- injection)  on  a  diet  of  leaf  lettuce  and  wheat  bran.  As  soon  as 
death  was  observed,  grasshoppers  were  removed  from  cages  and  the  fungus 
was  either  immediately  extracted  by  the  methods  described  in  Part  I,  or 
stored  in  a  sealed  petri  dish  at  20°C.  Death  was  defined  as  the  com- 
plete cessation  of  movement  of  the  grasshopper  when  prodded. 

The  fungus  was  extracted  from  cadavers  either  at  the  time  of  death 
(0  h) ,  or  24  h  after  death.  Four  grasshoppers  were  examined  at  0  h  and  5 
at  24  h.  Each  cadaver  was  coarsely  chopped  and  immersed  in  0.15M  sodium 
chloride.  After  stirring,  the  chopped  tissue  was  poured  through  two 
layers  of  cheesecloth  and  centrifuged.  The  supernatant  was  drawn  down 
to  0.7  ml  and  the  remaining  pellet  of  fungus  was  resuspended.  The 
amount  of  fungus  extracted  from  each  grasshopper  was  quantified.  Another 
sample,  stained  with  2%  aceto-orcein,  was  used  to  determine  the  propor- 

24 


tion  of  mature  resting  spores.  The  number  of  hyphal  bodies  and  immature 
resting  spores  could  then  be  determined  by  subtracting  the  number  of 
mature  resting  spores.  An  improved  Neubauer  hemacytometer  was  used  in 
both  quantifications.  The  fungus  was  transferred  to  1%  water  agar 
plates  treated  with  streptomycin  (0.01%)  and  penicillin  (0.02%).  Excess 
liquid  on  the  plates  was  allowed  to  dry  in  a  laminar  flow  hood  and  the 
plate  was  inverted  over   a  petri  dish  of  equal  diameter  (90  mm). 

To  collect  cryptoconidia,  five  cover  slips  covering  about  40%  of  the 
agar  plate  were  equally  spaced  on  the  lower  dish.  The  cover  slips 
rested  on  four  layers  of  paper  towels  soaked  with  distilled  water  to 
help  maintain  a  saturated  atmosphere.  In  addition,  each  dish  was 
placed  within  a  transparent  glass  casserole  dish  lined  with  paper  towels 
saturated  with  distilled  water  and  covered  with  a  fitting  lid.  Distilled 
water  was  added  periodically  to  maintain  saturation. 

Each  dish  was  placed  in  an  environmental  chamber  at  20°C  under  con- 
stant fluorescent  light.  These  conditions  have  been  shown  to  stimulate 
germination  of  pathotype  2  resting  spores  (Kish  1984) . 

Every  hour  for  24  h  the  cover  slips  for  each  sample  were  removed  and 
replaced  with  five  new  ones.  The  exposed  cover  slips  were  mounted  on 
glass  microscope  slides,  using  lactophenol  as  the  mounting  fluid,  then 
sealed  around  the  edges  with  Permount.  The  cryptoconidia  on  each  cover- 
slip  were  counted  and  the  mean  was  calculated  for  the  five  covers  lips 
representing  each  grasshopper  each  hour.  It  was  not  possible  to  differe- 
ntiate primary  and  secondary  cryptoconidia,  therefore  both  were  included 
in  the  counts  of  cryptoconidia.  A  measurement  of  active  hyphal  bodies 
and  immature  resting  spores  was  determined  by  comparing  the  number  of 
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cryptoconidia  produced  against  the  total  number  of  hyphal  bodies  and 
inunature  resting  spores  on  the  plate  and  expressing  it  as  a  percentage. 

The  number  of  cryptoconidia  for  0  h  cadavers  was  tabulated  over  a  24 
h  period,  by  which  time  the  hourly  counts  leveled  off  (Fig.  7).  For  the 
24  h  treatment,  hourly  counts  were  only  recorded  through  15  h  for  the 
same  reason.  Only  data  through  15  h  were  used  in  the  statistical  analy- 
sis of  the  two  treatments. 

A  one-way  analysis  of  variance  for  a  completely  randomized  design 
using  the  ANOVA  procedure  (SAS  Institute  1982)  was  used  to  analyze  the 
following:  (1)  number  of  hyphal  bodies  and  immature  resting  spores 
extracted  from  each  cadaver,  (2)  number  of  cryptoconidia  produced  from 
each  cadaver;  (3)  cryptoconidia  produced  per  cadaver  as  a  percentage  of 
the  number  of  hyphal  bodies  and  immature  resting  spores;  (4)  proportion 
of  mature  resting  spores  in  each  cadaver.  Percentages  and  proportions 
were  subjected  to  arc  sine  square  root  transformation  prior  to  data 
analysis  (Zar  1984) . 
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RESULTS 

Mature  resting  spores  were  found  in  all  five  of  the  24  h  cadavers, 
resulting  in  a  mean  proportion  of  0.27  (SD=0.10).  This  differed  signif- 
icantly from  the  0  h  treatment,  in  which  none  were  found  in  the  four 
cadavers  (P=0.001,  F=28.19,  df=l,7)  (Fig.  8).  The  number  of  mature 
resting  spores  were  subtracted  from  the  total,  since  they  do  not  produce 
cryptoconidia.  This  left  a  mean  count  of  1,257,631  (SD=132,184)  hyphal 
bodies  and  immature  resting  spores  .  A  mean  count  of  288,688  (SD=89,450) 
hjrphal  bodies  and  immature  resting  spores  were  found  in  the  four  cadav- 
ers in  the  0  h  treatment.  The  0  and  24  h  treatments  differed  signifi- 
cantly for  mean  counts  of  hyphal  bodies  and  immature  resting  spores 
(P=0.0001,F=155.6,df=l,7)  (Fig.  9). 

Mean  production  of  cryptoconidia  was  17,892  (SD=5,901)  for  the  0  h 
treatment  versus  50,968  (SD=22,590)  for  the  24  h  treatment.  The  two 
means  were  significantly  different  (P=0.03,F=7 . 93 ,df=l, 7)  (Fig.  10). 

Mean  production  of  cryptoconidia  as  a  percentage  of  the  number  of 
hyphal  bodies  and  immature  resting  spores  produced  in  the  cadaver  did 
not  differ  significantly  between  the  0  and  24  h  treatments  (P=0.11, 
F=3.37,  df=l,7)  (Fig.  11).  The  0  h  treatment  resulted  in  6.54%  (SD=2.26) 
versus  4.03%  (SD=1.75)  for  the  24  h  treatment. 
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DISCUSSION 

As  hypothesized,  the  proportion  of  mature  resting  spores  was  higher 
in  the  24  h  cadavers.  However,  this  did  not  result  in  lower  cryptoco- 
nidia  production  as  expected.  The  24  h  cadavers  contained  a  signifi- 
cantly higher  number  of  hyphal  bodies  and  immature  resting  spores.  This 
suggests  that  proliferation  of  hyphal  bodies  may  occur  during  at  least 
the  first  24  h  after  death  in  nature.  A  mechanism  explaining  the  multi- 
plication of  hyphal  bodies  as  well  as  formation  of  immature  resting 
spores  from  hyphal  bodies  remains  unclear.  The  presence  of  mature  rest- 
ing spores  indicates  that  at  least  a  portion  of  the  hyphal  bodies  pro- 
duced immature  resting  spores  (Fig.  12) . 

The  percentage  of  cryptoconidia  produced  did  not  differ  signifi- 
cantly between  the  two  treatments,  suggesting  that  there  was  also  no 
difference  in  proportions  of  active  hyphal  bodies  and  inraiature  resting 
spores . 

The  findings  of  this  study  suggest,  then,  that  cadavers  whose  integ- 
uments are  disrupted  24  h  after  death  could  more  likely  initiate  or  sus- 
tain an  epizootic  due  to  higher  cryptoconidia  production.  Such  an 
occurrence  on  a  widespread  scale  at  the  time  of  host  death,  however, 
could  possibly  lessen  the  intensity  of  an  epizootic. 
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SUMMARY  AND  CONCLUSION 

Seasonally  varying  abiotic  factors  as  well  as  features  of  the  patho- 
gen were  investigated  in  regard  to  their  effects  on  pathogenesis  of  E. 
grylli  pathotype  2  in  JL.  dif ferentialis . 

Temperature  and  photoperiod  were  chosen  to  examine  for  effects  on 
the  post- infection  process  (pathogenesis).  Effects  were  determined  by 
measuring  percent  mortality,  time  to  mortality,  and  production  of  mature 
resting  spores.  Temperature  was  significantly  and  positively  related 
both  to  mortality  as  well  as  production  of  mature  resting  spores. 
Because  it  was  not  possible  to  statistically  analyze  temperature  and 
photoperiod  interaction,  any  significant  effects  were  regarded  with 
caution.  Although  the  effect  of  temperature  on  time  to  mortality  was 
non- significant  (P=0.06),  the  relatively  low  probability  value  suggested 
a  possible  influence. 

Other  studies  have  demonstrated  that  vegetative  growth  (McGuire  et 
al.  1987;  Stimman  1968),  conidia  production  (Smitley  et  al.  1986), 
infection  (Wilding  1970),  incubation  period  (Wilding  1970),  and  mortal- 
ity (Stimman  1968)  in  Entomophthorales  species  are  positively  related  to 
temperature.  In  each  of  the  studies,  however,  an  upper  limit  was 
reached  that  was  either  lethal  or  inhibiting.  Especially  relevant  were 
the  data  on  pathogenesis  in  the  study  by  Wilding  (1970),  in  which  pea 
aphids . Acyr thos iphon  pisum  infected  by  Entomophthora  aphidis  were  incu- 
bated over  a  range  of  0  to  30°C.  The  aphids  incubated  at  30°C  died 
without  showing  signs  of  the  disease,  suggesting  lethal  or  inhibiting 
effects  on  the  fungus.  Based  on  tentative  comparisons  between  the  spor- 
ulation  range  of  most  Entomophthorales  species  (16°-30°C)  and  the  activ- 
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ity  range  of  most  grasshoppers  (20°-44°C),  it  is  hypothesized  that 
pathogenesis  in  an  infected  grasshopper  with  an  internal  body  tempera- 
ture significantly  higher  than  the  upper  range  of  the  fungus  could  be 
inhibited.  Such  an  effect  could  be  tested  on  the  pathogenesis  of  E. 
grylli  in  M^  dif ferentialis . 

Photoperiod  did  not  significant  affect  percent  mortality,  time  to 
mortality,  or  production  of  mature  resting  spores.  Nonetheless,  the 
potential  for  interaction  with  temperature  exists,  as  shown  in  a  study 
by  Stoy  et  al.  (1988).  A  temperature -photoperiod  interaction  was  indi- 
cated in  the  study  of  effects  of  temperature  and  photoperiod  combina- 
tions on  resting  spore  germination  of  E^  grylli  pathotype  2. 

The  pathogen,  E_^  grylli  pathotjrpe  2,  was  investigated  regarding  the 
production  of  the  infective  stage,  the  cryptoconidium,  in  grasshopper 
cadavers.  Since  production  of  cryptoconidia  does  not  occur  until  the 
cadaver  is  opened,  the  effect  of  time  on  this  event  was  examined.  The 
studies  showed  that  cadavers  opened  24  h  after  death  produced  a  signifi- 
cantly higher  number  of  cryptoconidia  than  those  opened  at  the  time  of 
death. 

The  results  of  these  studies  carry  implications  for  the  use  of  E. 
grylli  pathotype  2  in  the  control  of  economically  important  species  of 
the  genus  Melanoplus .  The  study  on  seasonal  factors  provides  informa- 
tion on  temperature  and  photoperiod  to  be  used  as  a  basis  for  further 
research  on  epizootics.  Both  the  infection  and  post- infection  processes 
would  need  to  be  tested  over  a  wide  range  of  temperatures  in  an  attempt 
to  determine  an  optimum.  These  findings  could  then  be  used  as  a  refer- 
ence point  for  subsequent  field  tests.   Further  work  on  photoperiod  is 
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needed  to  critically  assess  the  role,  if  any,  that  this  abiotic  factor 
plays  in  contributing  to  epizootics. 

The  effects  of  the  timing  of  cadaver  disruption  on  crjrptoconidia 
helps  create  possible  scenarios  for  field  epizootics,  but  also  carries 
implications  for  artificial  application  of  the  fungus.  The  findings  of 
this  study  could  be  integrated  into  further  studies  examining  cryptoco- 
nidia  production  in  which  a  cadaver  age  yielding  a  maximum  quantity 
could  be  determined.  Properly  formulated,  the  cryptoconidia  could  then 
be  applied  under  appropriate  environmental  conditions  in  either  lab  or 
field  settings  to  initiate  epizootics. 
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Fig.  1.  Graph  of  mortality  data  grouped  according  to  temperature. 
Fig.  2.  Graph  of  mortality  data  grouped  according  to  photoperiod. 
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Fig.   3.   Graph  of  time  to  mortality  data  grouped  according  to  tempera- 
ture. 

Fig.   4.   Graph  of  time  to  mortality  data  grouped  according  to  photope- 
riod. 
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Fig.  5.   Graph  of  mature  resting  spore  production  data  grouped  according 
to  temperature . 

Fig.  6.   Graph  of  mature  resting  spore  production  data  grouped  according 
to  pho toper iod. 
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Fig.  7.   Mean  hourly  production  of  cryptoconidia. 
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Fig.  8.  Number  of  mature  resting  spores. 
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Fig.  9.   Number  of  hyphal  bodies  +  immature  resting  spores. 
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Fig.    10.      Number  of  cryptoconidia. 
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Fig.   11.   Cryptoconidia  as  a  percentage  of  number  of  hyphal  bodies  + 
immature  resting  spores  on  agar  plate. 
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Fig.  12.   Life  cycle  of  Entomophaga  grylli  pathotype  2. 


48 


49 


LITERATURE  CITED 


Beck,  S.D.  1980.  Insect  Photoperiodism,  2nd  ed.  Academic  Press,  New 
York. 

Berisford,  Y.C.  &  C.H.  Tsao.  1974.  Field  and  laboratory  observations  of 
an  entomogenous  infection  of  the  adult  seedcorn  maggot,  Hylemya 
platura  (Diptera:Anthomyiidae) .  J.  Ga.  Entomol.  Soc.  9:104-110. 

Brandenburg,  R.L.  &  G.G.  Kennedy.  1981.  Overwintering  of  the  pathogen 
Entomophthora  floridana  and  its  host,  the  twospotted  spider  mite.  J. 
of  Econ.  Entomol.  74(4) :428-431. 

Garner,  G.R.  1976.  A  description  of  the  life  cycle  of  Entomophthora  sp. 
in  the  two-spotted  spider  mite.  J.  Invertebr.  Pathol.  28:245-254. 

Chapman,  R.F.  1982.  The  Insects -Structure  and  Function,  3rd  ed.  Harvard 
University  Press,  Cambridge,  Mass. 

Chapman,  R.F.  &  W.W.  Page.  1979.  Factors  affecting  the  mortality  of  the 
grasshopper,  Zonocerus  variegatus  in  southern  Nigeria.  J.  Animal  Ecol. 
48:271-288. 

Dean,  J.M.  1982.  Control  of  diapause  induction  by  change  in  photoperiod 
in  Melanoplus  sanguinipes .  J.  Insect  Physiol.  28(12) : 1035-1040. 

Dewhurst,  C.  F.  1978.  Acrididae  killed  by  the  fungus  Entomophthora 
grylli  Fres.  in  Kenya.   Entomologist's  Monthly  Magazine  113:168. 

Eilenberg,  J.  1987.  The  culture  of  Entomophthora  muscae  (C.)  Fres.  in 
carrot  flies  (Psila  rosae  F.)  and  the  effect  of  temperature  on  the 
pathology  of  the  fungus.  Entomophaga  32  (4):425-435. 

Funk,  C.  J.  1987.  Protoplast  development  and  histopathology  of  Entomo- 
phaga grylli  (Fresenius)  Batko  pathotype  2  infections  in  Melanoplus 
differentialis  (Thomas).  M.S.  thesis,  Kansas  State  Univ.,  Manhattan. 

Geldiay,  S.  1971.  Control  of  adult  reproductive  diapause  in  Anacridium 
aegvptium  L.  by  direct  action  of  photoperiod  on  the  cerebral  neuro- 
secretory cells.  Proc.  XIII  Int.  Congr.  Ent.  Moscow,  1968,  1:379-380. 

Humber,  R.A.  &  W.A.  Ramoska.  1986.  Variations  in  entomophthoralean 
life  cycles:  practical  implications,  pp.  190-193.  In  R.A.  Samson,  J.M. 
Vlak,  &  D.  Peters  [eds.],  Fundamental  and  applied  aspects  of  inverte- 
brate pathology.  Foundation  of  the  Fourth  International  Colloquium  of 
Invertebrate  Pathology,  Wageningen,  The  Netherlands. 

Kenneth,  R. ,  G.  Wallis,  U.  Gerson,  &  H.N.  Plaut.  1972.  Observations  and 
experiments  on  Triplosporium  floridanum  (Entomophthorales)  attacking 
spider  mites  in  Israel.  J.  Invertebr.  Pathol.  19:366-369. 


50 


Kish,  L.P.  1984.  Final  Report.  Predicting  infection  of  grasshoppers  by 
Entomophaga  grylli  on  rangeland.   USDA  grant  no.  59-2161-1-1-1-708-0. 

Knipling,  E.B.  &  W.N.  Sullivan.  1957.  Insect  mortality  at  low  tem- 
peratures. J.  Econ.  Entomol.  50:368-369. 

Knipling,  E.B.  &  W.N.  Sullivan.  1958.  The  thermal  death  points  of  sev- 
eral species  of  insects.  J.  Econ.  Entomol.  51:344-346. 

Krueger,  S.R.  &  W.A.  Ramoska.  1985.  Purification  and  infectivity  of 
Entomophaga  grylli  (Fresenius)  Batko  pathotype  2  against  Melanoplus 
differentialis  (Thomas)  [Ort. :Locustidae] .  Entomophaga  30:293-302. 

McGuire,  M.R. ,  J.V.  Maddox  &  E.J.  Armbrust.  1987.  Effect  of  temperature 
on  distribution  and  success  of  introduction  of  an  Empoasca  fabae 
(Homoptera:Cicadellidae)  isolate  of  Erynia  radicans  (Zygomycetes: 
Entomophthoraceae) .  J.  Invertebr.  Pathol.  50:291-301. 

Milner,  R.J.  1978.  On  the  occurrence  of  Entomophthora  grylli.  a  fungal 
pathogen  of  grasshoppers  in  Australia.  J.  Aust.  Entomol.  Soc.  17:293- 
296. 

Milner,  R.J.  &  J.  Bourne.  1983.  Influence  of  temperature  and  duration 
of  leaf  wetness  on  infection  of  Acyrthosiphon  kondoi  with  Erynia  neo- 
aphidis.  An.  Appl.  Biol.  102:19-27. 

Milner,  R.J.  &  G.G.  Lutton.  1983.  Effect  of  temperature  on  Zoophthora 
radicans  (Brefeld)  Batko:  an  introduced  microbial  control  agent  of  the 
spotted  alfalfa  aphid,  Therioaphis  trifolii  (Monell)  f.  Maculata.  J. 
Aust.  Entomol.  Soc.  22:167-173. 

Newman,  G.G.  &  G.R.  Garner.  1975.  Factors  affecting  the  spore  form  of 
Entomophthora  gammae .  J.  Invertebr.  Path.  26:29-34. 

Neville,  A.C.  1967.  Daily  growth  layers  in  animals  and  plants.  Biol. 
Rev.  43:421-441. 

Norris,  M.J.  1959.  The  influence  of  day- length  on  imaginal  diapause  in 
the  red  locust,  Nomadacris  septemfasciata  (Serv.).  Entomol.  Exp.  Appl. 
2:154-168. 

Norris,  M.J.  1965.  The  influence  of  constant  and  changing  photoperiods 
on  imaginal  diapause  in  the  red  locust  (Nomadacris  septemfasciata 
Serv.).  J. Insect  Physiol.  11:1105-1119. 

Pady,  S.M.,  C.L.  Kramer,  D.L.  Long,  &  T.D.  MacBride.  1971.  Spore  dis- 
charge in  Entomophthora  grylli.  Ann.  Appl.  Biol.  67:145-151. 

Perez,  Y. ,  M.  Verdier,  &  M.P.  Pener.  1971.  The  effect  of  photoperiod  on 
male  sexual  behavior  in  a  north  adriatic  strain  of  the  migratory 
locust.  Entomol.  Exp.  Appl.  14:245-250. 


51 


Plckford,  R.  &  P.W.  Riegert.  1964.  The  fungous  disease  caused  by  Ento- 
mophthora  grylll  Fres.,  and  its  effects  on  grasshopper  populations  in 
Saskatchewan  in  1963.  Can.  Entomol.  96:1158-1166. 

Rockwood,  L.  P.  1950.  Entomogenous  fungi  of  the  family  Entomophthoraceae 
in  the  Pacific  Northwest.  J.  Econ.  Entomol.  43(5) : 704-707 . 

Roberts,  D.  W.  &  A.  S.  Campbell.  1977.  Stability  of  entomopathogenic 
fungi.  Misc.  Pubis.  Ent.  Soc.  Am.  10:19-76. 

Roffey,  J.  1968.  The  occurrence  of  the  fungus  Entomphthora  grylli 
Fresenius  on  locusts  and  grasshoppers  in  Thailand.  J.  Invertebr, 
Pathol.  11:237-241. 

SAS  Institute.   1982.   SAS  user's  guide: statistics.  SAS  Institute,  Cary, 

N.C. 

Saunders,  D.S.  1982.  Insect  Clocks,  2nd  ed.  Pergamon,  New  York. 

Shimazu,  M.  1977.  Factors  affecting  condidial  germination  of  Entomoph- 
thora  delphacis  Hori  ( Entomophthorales: Entomophthoraceae ) .  Appl. 
Entomol.  Zool.  12:260-264. 

Skaife,  S.H.  1925.  The  locust  fungus  Empusa  grylli  and  its  effect  on  its 
host.  S.  Afr.  J.  Sci.  22:298-308. 

Smith,  R.C.  1933.  Fungus  and  bacterial  diseases  in  the  control  of 
grasshoppers  and  chinch  bugs.  Kans .  State  Board  of  Agri. .Twenty- eighth 
Biennial  Report,  pp.  44-61. 

Smitley,  D.R. ,  W.M.  Brooks,  &  G.G.  Kennedy.  1986.  Environmental 
effects  on  production  of  primary  and  secondary  conidia,  infection,  and 
pathogenesis  of  Neozygites  floridana,  a  pathogen  of  the  twospotted 
spider  mite,  Tetranychus  urticae.  J.  Invertebr.  Path.  47:325-332. 

Soper,  R.  S.,  B.  May,  &  B.  Martinell.  1983.  Entomophaga  grylli  poly- 
morphism as  a  technique  for  pathotype  identification. Environ.  Entomol. 
12:720-723. 

Stimman,  M.W.  1968.  Effect  of  temperature  on  infection  of  the  garden 
symphylan  by  Entomophthora  coronata. J.  Econ.  Entomol.  61(6) : 1558-1560. 

Stoy,  W.M. ,  W.D.  Valovage,  R.D.  Frye  &  R.B.  Carlson.  1988.  Germination 
of  resting  spores  of  the  grasshopper  (Orthoptera:Acrididae)  pathogen, 
Entomophaga  grylli  (Zygomycetes : Entomophthorales) ,  pathotype  2,  in 
selected  environments.  Environ.  Entomol.  17:238-245. 

Tauber,  M.J.,  C.A.  Tauber  &  S.  Masaki.  1986.  Seasonal  Adaptations  of 
Insects.  Oxford  University  Press,  New  York. 

Teernstra-Eeken,  M.H.  &  A.  Engel.  1967.  Notes  on  Entomophthorous  fungi 
on  Heleomyzidae  and  Culicidae  (Diptera) .  J.  Invertebr.  Pathol.  9:431- 
432. 

52 


USDA.  1954.  Grasshoppers -a  new  look  at  an  ancient  enemy.  Farmers  Bull. 
No.  2064:10-12.  U.S.  Dept.  Ag.  Washington,  D.C. 

Wallace,  D.R. ,  D.M.  MacLeod,  C.R.  Sullivan,  D.  Tyrrell  &  A.J.  De  Lyzer. 
1976.  Induction  of  resting  spore  germination  in  Entomophthora  aphidis 
by  long-day  light  conditions.  Can.  J.  Bot.  54:1410-1418. 

Walton,  R.R.  &  F.A.  Fenton.  1939.  Notes  on  Empusa  grylli  in  Oklahoma.  J. 
Econ.  Entomol.  32:155-156. 

Wardhaugh,  K.G.  1977.  The  effects  of  temperature  and  photoperiod  on 
the  morphology  of  the  egg  pod  of  the  Australian  plague  locust  (Chor- 
toicetes  terminifera  Walker,  Orthoptera:Acrididae) .  Aust.  J.  Ecol. 
2:81-88. 

Wardhaugh,  K.G.  1980.  The  effects  of  temperature  and  photoperiod  on 
the  induction  of  diapause  in  eggs  of  the  Australian  plague  locust, 
Chortoicetes  terminifera  (Walker)  (Orthoptera:Acrididae) .  Bull.  Ent. 
Res.  70:635-647. 

Wilding,  N.  1970.  The  effect  of  temperature  on  the  infectivity  and 
incubation  of  the  fungi  Entomophthora  aphidis  and  Ej.  thaxteriana  for 
the  pea  aphid  Acyrthosiphon  pisum.  Proc.  IVth  Int.  Coll.  Insect 
Pathol. : 84-88.  College  Park,  Md. 

Wilding,  N.  1975.  Entomophthora  species  infecting  pea  aphid.  Trans.  R. 
Ent.  Soc.  Lond.  127:171-183. 

Wilding,  N.  1981.  Pest  control  by  Entomophthorales ,  pp.  539-544.  In  H.D. 
Burges  [ed. ] ,  Microbial  control  of  pests  and  plant  diseases  1970-1980. 
Academic  Press,  Orlando,  Fla. 

Yendol,  W.G.  1968.  Factors  affecting  germination  of  Entomophthora  coni- 
dia.  J.  Invertebr.  Pathol.  10:116-121. 

Zar,  J.H.  1984.  Biostatistical  Analysis,  2nd  ed.  Prentice-Hall,  Engle- 
wood  Cliffs,  N.J. 


53 


Abiotic  and  Pathogen  Factors  of 
Entomophaga  grylli  (Fresenius)  Batko  Pathotype  2 
Infections  in  Melanoplus  differentialis  (Thomas) 


by 


DWIGHT  KEITH  TILLOTSON 


B.S.,  Kansas  State  University,  1973 


AN  ABSTRACT  OF  A  MASTER'S  THESIS 


submitted  in  partial  fulfillment  of  the 
requirements  for  the  degree 


MASTER  OF  SCIENCE 


Department  of  Entomology 


KANSAS  STATE  UNIVERSITY 
Manhattan,  Kansas 


1988 


ABSTRACT 

Abiotic  and  pathogen  factors  were  investigated  in  infections  of 
Entomophaga  grylli  (Fresenius)  Batko  pathotype  2  in  Melanoplus  differen- 
tialis  (Thomas). 

Two  abiotic  factors  of  temperature  and  photoperiod  were  selected  and 
their  separate  effects  were  studied  in  regard  to  percent  mortality,  time 
to  mortality  and  production  of  mature  resting  spores  for  Mj.  differen- 
tialis  infected  by  E^  grylli. 

Using  a  two-sample  t-test, temperature  was  found  to  have  a  signifi- 
cant positive  relationship  to  both  mortality  and  proportion  of  mature 
resting  spores  and  a  non- significant  effect  on  disease  length.  Photope- 
riod did  not  have  a  significant  effect  on  any  of  these  three  aspects. 
Because  the  interaction  between  temperature  and  photoperiod  could  not  be 
analyzed  statistically,  photoperiod  could  have  some  modifying  effect  on 
temperature  responses  that  could  not  be  detected  in  this  study. 

The  effect  of  cadaver  age  on  cryptoconidia  production  was  studied 
using  fungi  extracted  from  cadavers  0  h  and  24  h  following  death  from  E. 
grylli.  The  quantity  of  hyphal  bodies  and  immature  resting  spores 
extracted  per  grasshopper  was  significantly  higher  in  the  24  h.  The 
number  of  cryptoconidia  produced  in  proportion  to  the  quantity  of  hyphal 
bodies  and  iimnature  resting  spores  did  not  significantly  differ  between 
the  two  treatments.  But,  the  overall  number  of  cryptoconidia  produced 
was  significantly  higher  in  the  24  h  treatment.  The  timing  of  cadaver 
disruption  and  subsequent  production  of  cryptoconidia  could  signifi- 
cantly affect  the  extent  of  an  epizootic. 


